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Figure 2A

Figure 2B
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Input measured projection Images of a volume
acqulred by an Imaging device into a digital data A
processor having a maln processor section in com-

munication with a graphics precessing unit (GPU)

Partition the volume represented, (eg.),as a 3D
voxel-based matrix, Into a plurality of slabs in the
main processing section of the digital processor

Transfer a portion,or the totality, of the partitioned
volume from the main processing section to the

GRU

For each measured projection image, utilize one or
more vertex and pixel shaders of the GPU to gener-
ate a corresponding forward-projection image by
forward-projecting an estimate of the volume

Utllize the pixel shaders to compare each pixel ina
forward-projection image with a respective pixel in
the corresponding measured projection Image to

generate a correction term

For each forward-projection image, back-project the
correction term associated with each pixel in that
Image to all voxels In the estimated volume that
were mapped to that pixel to generate an updated
estimated volume

Figure 3
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Figure 4A

Figure 4B
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METHOD AND APPARATUS FOR
RECONSTRUCTION OF 3D IMAGE
VOLUMES FROM PROJECTION IMAGES

CLAIM OF PRIORITY

The present invention 1s a divisional application of U.S.
patent application Ser. No. 11/263,568, filed on Oct. 31, 2005,
entitled “Method and Apparatus for Reconstruction of 3D
Image Volumes from Projection Images,” which claims pri-
ority to a U.S. Provisional Patent Application No. 60/623,
410, filed on Oct. 29, 2004, entitled “Method and Apparatus
for Reconstruction of 3D-Image Volumes from Projection
Images.” U.S. patent application Ser. No. 11/263,568 also
claims priority, as a continuation-in-part (CIP) application, to
a U.S. patent application entitled “Improved Methods and
Apparatus for Back-Projection and Forward-Projection,”
filed Jan. 12, 2004 and having a Ser. No. 10/756,172. All three
of the above-cited patent applications are incorporated herein
by reference 1n their entirety.

BACKGROUND OF THE INVENTION

The invention relates generally to digital data processing
and, particularly, to reconstructive imaging. The invention
has application 1n heath care and, specifically, medical imag-
ing—as well as 1 a host of other areas, such as industry,
research and defense.

Reconstructive 1maging—that 1s, the construction of a
three-dimensional representation (1mage) of a volume from
two-dimensional measured projection images of that volume,
¢.g., obtained by an x-ray imaging apparatus—is highly com-
putation intensive. For example, computed axial tomography
(CAT) 1s an imaging technique in which three-dimensional
views ol the internal structures of an object—+typically, a head
or other portion of the human body—are constructed from a
series of x-ray projections (or scans) taken at a plurality of
angles around the object.

With the aid of a computer, those scans can be computa-
tionally transformed (e.g., using techmques such as back-
projection) to discern the internal structures of the object
(e.g., 1n the case of a head, the skull, gray matter and other
imageable structures). While none of those transformations
1s, 1n 1tself, suificient to identily those structures, the compu-
tational combination of all of the transformations typically 1s.
Because this requires processing hundreds, 1f not thousands,
of projected images, 1t typically requires special-purpose
hardware 1n order to provide real-time results. Though prior
art solutions have proven effective 1n this regard, they are
typically quite expensive.

Moreover, many prior solutions—particularly, for
example, those, for determining back-projections have lim-
ited applicability to a new class of imaging, referred to as
tomosynthesis, 1n which a relatively small number of projec-
tion 1mages are required from only a limited number of x-ray
source positions (or foc1). In these systems, the computational
transformations include not only back-projections, but also
torward-projections, in which estimates of the volume being
reconstructed are projected “forward” to generate hypotheti-
cal (synthetic) projection images for computational compari-
son with actual measured projection 1images acquired by the
imaging equipment. By comparing the hypothetical forward
projection of the current 3D model to the measured projection
images, a correction image can be calculated and used to
update (modily) the current 3D model.

CAT scanners and tomosynthesis systems are not the only
medical 1maging equipment that use forward-projections
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and/or back-projections. Forward-projection and back-pro-
jection operations also form the basis of a broader class of
computer-based imaging techniques, referred to as computed
tomography (CT), as well as positron emission tomography
(PET), single photon emission computed tomography
(SPECT), to name but a few. In addition, forward-projection
and back-projection are used outside the medical field, for
example, 1n manufacturing (e.g., to inspect articles for
defects), securing (such as baggage scanning) in research,
defense and so forth.

An object of the ivention 1s to provide improved digital
data processing apparatus and methods. Another object 1s to
provide such apparatus and method as can be applied to
reconstructing 1mages, €.g., of the type discussed above (by
way of non-limiting example).

Other objects of the invention are to provide such apparatus
and methods that can perform reconstructive imaging more
cificiently. Another object of the invention 1s to provide such
methods and apparatus that can be implemented with less
expensive equipment, off-the-shelf or otherwise.

SUMMARY

The above objects are among those attained by the iven-
tion, which provides improvements in reconstructive imaging
and, specifically, in determining the density distribution of a
volume from a set ol measured projection 1mages of that
volume recorded with a known recording geometry. These
have application 1n health care, including, medical imaging
(e.g., in computed axial tomography (CAT), magnetic reso-
nance imaging (MRI), positron emission tomography (PET),
single photon emission computed tomography (SPECT), and
other computed tomography applications, to name but a few),
as well as 1n industry, research, and defense, among other
areas.

In one aspect, the mvention employs the capabilities of
chips or chip sets, boards and/or processor configurations
known “graphics processing unmits” (GPUs) to reconstruct a
volume by 1imtializing to arbitrary values the volume density
distribution 1n a voxel matrix representing an estimate of that
volume and, then, determining the actual density distribution
iteratively by, for each of the measured projections, (a) for-
ward-projecting the estimated volume computationally and
comparing the forward-projection with the measured projec-
tion, (b) generating a correction term for each pixel in the
torward-projection based on that comparison, and (¢) back-
projecting the correction term for each pixel 1in the forward-
projection onto all voxels of the volume that were mapped
into that pixel.

A related aspect of the invention provides an improvement
in an apparatus for computed tomography of the type that
reconstructs density distribution of a volume from a plurality
of measured projection images. The improvement comprises
using a graphics processing unit (GPU) including a plurality
of programmable vertex shaders that are coupled to a plurality
of programmable pixel shaders to reconstruct the volume.
More particularly, the vertex shaders and the pixel shaders are
adapted to generate, for at least one projection 1mage of a
volume, a respective forward-projection 1mage of an esti-
mated density distribution assigned to that volume. They then
generate one or more correction terms based on comparison
of one or more pixels 1n the forward-projection image with
respective pixels in the measured projection 1mage. At least
one of the pixel shaders back-projects each correction term
associated with one of the pixels in the forward-projection
image to voxels 1n the estimated volume that are mapped to
that pixel. In this manner, an updated estimated volume den-
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sity distribution 1s generated to which the above steps of
forward-projection, correction terms generation, and back-
projection can be iteratively applied. The 1terative process 1s
terminated when the estimated volume density 1s deemed
suificiently close to the actual density distribution (e.g., when
a predefined convergence criterion 1s met).

In further aspects of the invention, the volume being recon-
structed 1s represented (partitioned) as a plurality of slices and
one or more of the vertex shaders are configured to map to
cach pixel in the forward-projection image a plurality of
voxels that lie substantially at vertices of one or more selected
polygonal portions of those slices. Those vertex shaders can
provide the mappings by treating each forward-projection
image as a “window’” and each of the polygonal portions as a
“model” being projected onto the window.

In a related aspect, one or more of the pixel shaders com-
pute an mtensity for each pixel in a forward-projection image
as a summation of projections of those voxels 1n the estimated
volume that are mapped to that pixel. To this end, at least one
of the pixel shaders computes multiple forward-projection
steps along a ray, which extends from the source through the
volume to a pixel 1n the forward-projection 1mage, prior to
computing corresponding steps along another ray.

In another aspect of the mvention, at least one of the pixel
shaders generates correction terms for one or more pixels 1n
the forward-projection 1image based on comparison of the
intensities of those pixels with the intensities of the respective
pixels 1n a corresponding measured projection image. The
pixel shader, then, back-projects each correction term to vox-
¢ls 1n the estimated volume that are mapped to a pixel asso-
ciated with that term. In some cases, the pixel shader utilizes
a windowing function to weight a correction term along one
or more back-projected rays. The weights applied to the back-
projected correction terms can be computed by one or more of
the pixel shaders, or via look-up 1n a 1-D texture.

In further aspects, the GPU classifies the measured projec-
tion 1images into two groups characterized by substantially
orthogonal projection directions. For example, the projection
directions associated with one group can be substantially
along the x-axis while those of the other group are substan-
tially along the y-axis. The GPU processes the measured
projection 1mages in one group (1.€., compares the projection
image with a respective synthetic forward-projection image,
generates correction terms based on that comparison and
back-projects the correction terms to the volume) prior to
processing the measured projection images in the other
group. In some cases, the GPU processes the measured pro-
jection 1mages 1n at least of the groups according to a quasi-
random sequence.

In other aspects, the reconstruction volume comprises an
intersection ol cone beams corresponding to the projection
images (a cone beam 1s a collection of a rays comprising a
central ray and a plurality of diverging rays surrounding the
central ray 1n a cone-like configuration that travel from a
source to a detector through a volume, to form a projection
image of that volume).

Further related aspects of the invention provide an 1maging,
apparatus that includes an 1mage acquisition device for gen-
crating a plurality of measured projection 1images of a vol-
ume, and a digital data processor coupled to the acquisition
device for receiving those images. The digital data processor
comprises a central processing unit (CPU) that 1s 1n commu-
nication with a graphics processing umt (GPU), which
includes a plurality of programmable vertex shaders coupled
to a plurality of programmable pixel shaders. The CPU causes
the transier of at least some of the measured projection
images to the GPU. The GPU, 1n turn, reconstructs at least a
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portion of the volume based on comparison of a plurality of
forward-projection 1mages corresponding to successive 1tera-
tions of an estimated density distribution assigned to that
volume portion with one or more of the measured projection
images without transfer of intermediate texture data to the
CPU.

In another aspect, in the above imaging apparatus, the
acquisition device comprises a radiation source for 1lluminat-
ing the volume and at least one detector movable about the
volume for detecting at least a portion of the i1lluminating
radiation that passes through the volume.

In a related aspect, one or more pixel shaders generate each
forward-projection 1image by employing a projection matrix
that represents an asymmetric view frustum, where the view
frustum 1s defined by the origin of the radiation source and
four comers of a plane of the detector.

Further related aspects of the invention provide a method
for reconstructing a volume from a plurality of measured
projection 1mages in an apparatus that comprises a main
processing section and a graphics coprocessing section,
which includes a plurality of programmable vertex shaders
that are coupled to a plurality of programmable pixel shaders.
The method comprises transierring the projection images
from the main processing section to the graphics coprocess-
ing section, and iteratively reconstructing the volume in the
graphics processing section based on comparison of a plural-
ity of forward-projection images corresponding to successive
iterations of an estimated density distribution assigned to that
volume with the measured projection images, without trans-
fer of intermediate texture data between the graphics copro-
cessing section and the main processing section.

In a related aspect of the mnvention, 1n the above method,
cach forward-projection 1mage 1s generated by performing
the following steps: with one or more the vertex shaders, a
plurality of voxels that substantially lie at vertices of selected
polygonal section of one or more slices into which the volume
partitioned are mapped to a respective pixel of that forward-
projection 1image; and with one or more of the pixel shaders,
an 1ntensity for each pixel in the forward-projection image 1s
generated by forward-projecting the voxels mapped to that
pixel.

These and other aspects of the invention are evident in the
drawings and in the description that follows.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the 1invention may be
attained by reference to the drawings 1n which:

FIG. 1 depicts a computer aided tomography system 10
according to one practice of the invention;

FIGS. 2A and 2B schematically depict generation of a
measured projection 1image of a volume containing a rib cage
in a tomography system of the type shown 1n FIG. 1;

FIG. 3 1s a flow chart depicting the steps of a reconstructive
imaging method implemented on a GPU 1n accordance with
one exemplary practice of the invention,

FIGS. 4A and 4B schematically depict the projection of a
slab 1n a volume under reconstruction onto a detector plane.

DETAILED DESCRIPTION OF TH.
ILLUSTRATED EMBODIMENTS

(Ll

Described below are methods and apparatus for recon-
struction of three-dimensional volumetric representations,
¢.g., from a plurality of two-dimensional measured projection
images. The 1llustrated embodiments employ the capabilities
of chips and chip sets, boards and/or processor configurations
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known as “graphics processing units” (GPUs) to more effi-
ciently process measured projection images of a volume to
reconstruct a density distribution associated with that vol-
ume, though the methods and apparatus described herein may
be implemented on general purpose processors, special pur-
pose processors. Still other embodiments use no GPU at all,
relying on the CPU and/or other co-processing functionality
(such as floating point units, array processors, and so forth) to
provide or supplement such processing, all 1n accord with the
teachings hereol.

The mvention has application, for example, 1n medical
imaging such as computed tomography (CT), position emis-
sion tomogpraphy (PET), single photon emission computed
tomography (SPECT), and other medical applications.

Turning to the illustrated embodiment, FIG. 1 depicts a
computer aided tomography system 10 according to one prac-
tice of the invention. The system 10 includes an 1mage acqui-
sition apparatus 12 that generates multiple projection images
14 of an object 16 1n a volume 18. In the 1llustrated embodi-
ment, this 1s accomplished 1n the conventional manner, e.g.,
by 1lluminating the object 16 with radiation from a source 22
and detecting by a detector 20, such as a charged-coupled
device or other 2D sensor array, radiation not absorbed by the
object 16. Generally, multiple projection 1images obtained at
different respective angles are required for reconstructing a
three-dimensional representation of the object. Such projec-
tion 1mages can be captured by moving the source and/or the
detector around the volume 16 to i1lluminate the object from
different angles and to detect a portion of the illuminating
radiation that 1s not absorbed by the object.

In one embodiment, those projections are generated in
accord with the principles of computed tomography (CT),
1.e., with the source 22 at discrete foci on an arc 24 that
completely surrounds the volume 18. In another embodiment,
those projections are generated 1n accord with principles of
computed tomosynthesis, 1.e., with the source 22 at discrete
foci along a smaller arc above the object. In some embodi-
ments, the radiation source 1s an x-ray source and the detector
22 1s an x-ray detector, both mounted at opposite ends of a
C-arm that rotates about the volume 18. The rotatable C-arm
1s a support structure that allows rotating the source 22 and the
detector 20 around the volume 18, e.g., a long a substantially
circular arc, to capture a plurality of projection 1mages of the
object 16 at different angels. It should, however, be under-
stood that the teachings of the mnvention can be applied to a
plurality of measured projection images regardless of the
implementation of the apparatus that generates those projec-
tion 1mages.

In view thereof and without loss of generality vis-a-vis
these other apparatus with which the mvention has applica-
tion, the apparatus 12 1s referred to hereafter as a CAT scan-
ner, 1ts attendant source 20 and detector 22 are referred to as
an x-ray source and an x-ray detector, respectively, and the
images 14 generated by the detector are referred to as projec-
tions.

By way of illustration, FIGS. 2A and 2B schematically
depict generation of a measured projection image by appara-
tus 12 of a volume 18 containing a rib cage 16'. X-ray radia-
tion emitted by the source 20, shown at one of 1ts axial
positions [ as 1t rotates about the volume 18 during a scanning,
operation, travel through the imaged volume 18. A portion of
the x-ray radiation not absorbed by the imaged volume
impinges on the detector array 22, depicted opposite source
20 vis-a-vis the volume 18, as the detector moves about the
volume 18 1n tandem with the source. The volume 18 1s
characterized by X, v and z axes, as indicated, and the detector
22 and, specifically, the imaging portion thereof, 1s charac-
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terized by u and v axes defining an 1maging or detection plane
that 1s parallel to the axis of rotation (1.¢., the z-ax1s) and has
a normal perpendicular to a tangent of the rotational path 19.
Referring to FIG. 2B, the imaging arrangement of FIG. 2A 1s
shown with the additional superposition on detector 22 of an
image 100 of the type generated by projection of x-ray radia-
tion from the source 20 through the rib cage 16'. As evident in
the drawing, the image 100 1s a silhouette or, as more often
referred to herein, a “projection” or a “projection image,” e.g.,
in the nature of a conventional x-ray image.

Referring again to FIG. 1, the system 10 further includes a
digital data processor 26 that analyzes the images 14 to
“reconstruct” the volume 18—and, more specifically, to gen-
crate a three-dimensional representation of the contents of
that volume, e.g., the object 16, (or a portion thereof) 1n a
manner discussed 1n more detail below. Illustrated object 16 1s
the head of a human patient. However, the invention can be
used 1n analyzing images of other objects, biological, archeo-
logical, industrial, or otherwise.

Ilustrated digital data processor 26 1s a workstation, per-
sonal computer, mainframe, or other general or special-pur-
pose computing device of the type conventionally known in
the art, albeit adapted as discussed below for processing pro-
jections 14. As shown 1n the drawing, it includes a central
processing unit (CPU) 30, dynamic memory (RAM) 32, and
I/O section 34, all of the type conventionally known the art.
The digital data processor 26 may be coupled, via I/O section
34, with a monitor or other graphical display or presentation
device 28, as shown.

Ilustrated digital data processor 26 also includes a graphi-
cal processing unit (GPU) 36 that 1s coupled to the CPU 30,
through which it can access the other elements of the digital
data processor 26, as shown. The GPU 36 serves, in the
illustrated embodiment, as a coprocessor, operating under the
control of the CPU 30 to iteratively reconstruct the volume 18
from the measured projection 1mages in accord with the
teachings of the invention, as discussed 1n more detail below.
Other embodiments of the invention employ multiple GPUs
tor this purpose, each responsible for a respective portion of
the reconstruction process. The GPU 30 1s preferably of the
variety having programmable vertex shaders and program-
mable pixel shaders that are commercially available from ATI
research (for example, the Radeon™ 9700 processor),
NVIDIA (for example, the GeForce™ FX and (Quadro® pro-
cessors). However, it will be appreciated that the invention
can be practiced with processing elements other than com-
mercially available GPUs. Thus, for example, 1t can be prac-
ticed with commercial, proprietary or other chips, chipsets,
boards and/or processor configurations that are architected in
the manner of the GPUs (e.g., as described below). It can also
be practiced on such chips, chipsets, boards and/or processor
configurations that, though of other architectures, are oper-
ated 1n the manner of GPUs described herein.

Components of the digital data processor 26 are coupled
for communication with one another 1n the conventional man-
ner known in the art. Thus, for example, a PCI or other bus 38
or backplane (industry standard or otherwise) may be pro-
vided to support communications, data transifer and other
signaling between the components 30-36. Additional cou-
pling may be provided among and between the components in
the conventional manner known 1n the art or otherwise.

A typical archiutecture of the GPU 36 suitable for use in the
practice of the mvention 1s shown by way of expansion
graphic 1n FIG. 1. The GPU 36 includes a geometrical map-
ping section 40 and a pixel processing section 42 intercon-
nected with one another, as well as with alocal memory 44, by
way of a bus 46. The GPU communicates with other compo-
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nents of the digital data processor by interfacing with the bus
38 via a bus interface 48. A further interface 50 1s provided
between the bus 46 and the CPU 30 by way of one or more
interfaces of the type standard 1n the art, or otherwise, for
CPU/GPU intercommunication. In the illustrated embodi-
ment, that further iterface 50 1s a VIP (video input port)
interface, and AGP (accelerated graphics port) interface or
otherwise, as conventionally known 1n the art or otherwise.

Local memory 44 supports both the short-term and long-
term storage requirements of the GPU 36. For example, 1t can
be employed to bulifer the projection image data 14, iterative
estimates of the density distribution of the volume under
reconstruction, forward-projection 1images generated based
on those estimates as well as parameters, constants and other
information (1including programming instructions for the vec-
tor processors that make up the mapping and pixel processing
sections).

In the illustrated embodiment, the mapping section 40

comprises a plurality of programmable vertex shaders 60-66
that generate mappings between the coordinate space of the
projection images and that of the volume 18. For example, the
vertex shaders map each pixel 1n a projection image to one or
more voxels in the volume. The pixel processing section
comprises a plurality of pixel shaders 80-94 that can adjust
pixel intensities 1n forward-projection images generated from
estimates of the density distributions of the volume, e.g.,
based on comparison of the forward-projection 1mages with
respective measured projection images, and to modily den-
sity values of voxels 1n the volume to reflect back-projection
of those forward-projection 1mages, as discussed in more
detail below.
DMA engines 68 and 96 provide coupling between the
local bus 46 and, respectively, the vertex shaders 60-66 and
pixel shaders 80-94, facilitating access by those elements to
local memory 44, interfaces 48, 50, or otherwise. A further
DMS engine 98 provides additional coupling between the
pixel shaders 80-94 and the bus 46. In addition, filters (labeled
“F”) are coupled between the DMA engine 96 and the pixel
shaders 80-94, as illustrated. These perform interpolation,
anisotropic filtering or other desired functions. Also coupled
to the vertex shaders 60-66 are respective iterators (labeled
“I”), as 1llustrated. Each 1iterator generates addresses (1n vol-
ume space) for the voxels defined by the corresponding vertex
shaders 60-66.

The basic steps for reconstruction of the volume 18 are
depicted 1n FI1G. 3. In step A, the measured projection images
14 generated by the acquisition device 12 are inputted into the
digital data processor 26. This 1s accomplished 1n the conven-
tional manner 1n the art and may comprise inputting all pro-
jections 14 after the totality of them has been generated by the
apparatus 12, or inputting them individually or in batches
while a scan 1s 1n progress. The digital data processor also
receives from the apparatus 12, and/or from the operator,
information regarding the parameters of the acquisition pro-
cess. This can include patient (or other scanned sample) 1den-
tity, apparatus calibration data, 1mage acquisition timing, and
so forth, as 1s common 1n the art. In addition to inputting the
projections and foregoing information from the apparatus 12,
the digital data processor 26 can serve a user or other interface
for controlling the acquisition process in the conventional
manner known 1n the art. Thus, for example, the digital data
processor can download 1nitialization parameters to the appa-
ratus 12, or control the imitiation and termination of scans
performed thereby.

In step B, the digital data processor and, particularly, the
CPU 30 partitions the imaged volume, which can be stored as
a voxel-based three-dimensional representation 1n a matrix or
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other data structures, into a plurality of slabs, e.g., oriented
along the z-axis, each of which can comprise multiple slices.
The CPU assigns the reconstruction of one or more of the
slabs, or that of the entire volume, to the GPU 36. More
specifically, in step C, the CPU transiers the necessary data,
such as, a subset or the totality of the projection images as
well as the voxel-based representation of the volume or a
portion thereot, to the GPU. In the following, 1t 1s assumed,
without any loss of generality, that the reconstruction of the
entire volume 1s assigned to the GPU.

The GPU employs an iterative process involving succes-
stve stages of forward-projection of an estimated volume
density distribution, error-measurement, back-projection and
correction to reconstruct the volume. With each iteration, the
estimated density distribution of the volume converges
toward to suitable representation of the volume—typically,
within ten to twenty 1terations, though this depends on the
number ol measured projection 1images, the resolution of the
imaging apparatus, the specifics of the iteration alogorithm,
among other factors.

With continued reference to FIG. 3, the GPU begins each
iteration with generating, for each measured projection
image, a hypothetical (synthetic) projection 1mage (herein
also referred to as a forward-projection 1mage) by forward-
prOJectmg an estimated densﬂy distribution of the volume
that 1s generated by a previous iteration (step D). In this
illustrated embodiment, the estimated density distribution of
the volume 1s stored 1n a matrix. For the first iteration, the
voxel-based matrix representing the volume 1s itialized to
an arbitrary value, €.g., a zero or a non-zero constant.

More specifically, for each measured projection image, the
pixel shaders 60-66 (FIG. 1) generate a corresponding for-
ward-projection 1mage by integrating absorption estimates
for voxels of the volume along hypothetical x-ray paths that
extend from the source 22 to each pixel 1n the respective
torward projection space. The voxels can be 1dentified by one
or more of the vertex shader 80-94 by drawing textured poly-
gons. Typically, the x-ray paths are treated as diverging from
a local point source. Alternatively, the paths are treated as 1f
parallel to one another relative to the detector plane, as 1f the
point source were infinitely far from the detector, as discussed
in the above-referenced co-pending patent application
entitled “Improved Methods and Apparatus for Back-Projec-
tion and Forward-Projection.” In some embodiments, the
pixel shaders generate the forward-projection 1mages 1n par-
allel.

By way of illustration, FIG. 4 A depicts the projection of a
slab 102 of the estimated volume 18 onto the imaging plane of
the detector 22. This represents projection of rays from the
imaging source 20 past the corners and edges of slab 102 and
to the imaging plane. Likewise, FIG. 4B depicts projection of
the edges of volume 18 onto detector 22 by silhouettes 106
and 108. This represents projection of rays from the imaging
source 22 past the corners and edges of volume 18 and to the
imaging plane of detector 22.

Referring again to FIG. 3, 1n step E, each of those hypo-
thetical (synthetic) forward-projection 1mages 1s compared
with the respective measured projection image pixel-by-pixel
to compute a correction term for each pixel in the forward-
projection image. More particularly, one or more of the pixel
shaders compute pixel-by-pixel differences between intensi-
ties 1 each of the current hypothetical prOJectlon images and
those 1n the respective measured projection images. Those
differences themselves, or functions thereof, can represent
the correction terms.

In step F, the correction term computed for each pixel 1n
cach synthetic projection 1image 1s back-projected to those
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voxels 1 the volume that were mapped to that pixel in the
forward projection. The mappings between the pixels and the
respective voxels are beneficially implemented on one or
more of the vertex shaders 80-89 by treating each current
volume slice, a portion thereot, as the “model” and treating
cach projection 1image as a “window” onto which that model
1s to be projected. The viewpoint for the projection is that of
a hypothetical observer disposed at a location opposite the
image plane from the x-ray source 20 looking back along a
line defined by that source and the center of the imaged
volume.

More particularly, for each pixel 1n a synthetic projection
image, one or more of the vertex shaders map a plurality of
voxels that lie substantially at vertices of one or more selected
polygonal portions of one or more slices of the volume to that
pixel. For example, an iterator I associated with a vertex
shader 1teratively generates coordinates 1n the volume space
(1.e., X, y, z coordinates)}—i.¢., voxels—that make up the
polygon defined by the vertices generated by the that vertex
shader. The iterator further passes to the pixel processing
section offset or absolute addresses that permit back-projec-
tion of the correction terms generated by the pixel processing,
section to be assigned to the corresponding voxels of the
volume stored 1n the local memory 44.

The filtered elements (F) of the pixel processing section
sample each synthetic projection image at the mapped coor-
dinates defined by the iterators, I, to generate filtered syn-
thetic projection image correction data. This caninclude, e.g.,
approximating among pixel values specified 1n the synthetic
projection 1mages (e.g., by bilinear approximation or other-
wise, anisotropic {iltering, or otherwise).

In step F, the pixel shaders 80-94 project back the filtered
correction data generated by the filters F onto the estimated
density (absorption) distribution assigned to the volume
(stored as a matrix 1n the local 44 1n this 1llustrated embodi-
ment). They do this by back-projecting the correction term
associated with each pixel onto all voxels of the volume that
were mapped onto that pixel in the forward projection. For
example, one or more pixel shaders can be employed to
compute a weighted sum of the back-projected corrections
and current values of respective voxels representing the vol-
ume. The resulting voxel values (i.e., updated density or
absorption values) replace the current estimated values of the
volume density distribution. The updating of the estimated
volume density distribution based on back-projected correc-
tion values can be performed slice-by-slice, or alternatively,
multiple slices (or their totality) can be processed 1n parallel.

The above steps A-F are then repeated (1n each repetition
the updated volume matrix 1s employed as the starting esti-
mate for the volume) until the estimated volume matrix con-
verges to a sulficiently close approximation of the actual
density distribution of the volume—typically within ten to
twenty 1terations, depending on the number of projection
images 14, the resolution of the 1imaging apparatus, and the
specifics of the reconstruction algorithm employed.

The 1llustrated embodiment preferably optimizes the
implementation of the above volume reconstruction method
on the GPU by employing one or more of the following
features. For example, the partitioning of the volume 1nto 2D
slices 1s preferably such that one or more projection 1mages
being processed by the GPU have projection directions that
are perpendicular, or substantially perpendicular, to those 2D
slices. Otherwise, the volume 1s reordered with slice-orienta-
tions 1n one of the other two main directions (“volume swap-
ping” 1s performed).

In order to minimize the number of volume swaps, 1n some
embodiments, the measured projections are divided into two
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groups based on the angle between the direction of their
central ray and the x or y-axes. For the {irst group, the central
ray directions are more parallel to the x-axis (e.g., within a
selected cone around the x-axis), and for the second group,
the central ray directions are more parallel to the y-axis. All
the projections 1n one group are processed before processing
the projections in the other group. Further, within each group,
the projections are preferably selected for processing in
accordance with a quasi-random sequence that ensures each
projection 1s chosen only once. Alternatively, the projections
are processed according to a sequence that maximizes the
angular difference between the central rays associated with
two successively selected projections (1.e., the angular difier-
ence between two successively processed projections 1s as
large as possible), while ensuring that each projection 1is
selected only once. Such sequential processing of the projec-
tions can advantageously result 1n a faster convergence of the
above iterative volume reconstruction method, e.g., relative
to processing the projections 1n order of increasing angle of
their central rays with respect to the x or y-axes.

Moreover, 1n some embodiments, the convergence of the
iterative reconstruction method is turther accelerated by
restricting the reconstruction volume to an intersection of the
cone beams from all projections, e.g., a sphere. Further, the

back-projection of the correction terms can be weighted
along the rays with a windowing function. The corresponding
weilghts can be computed 1n a pixel shader (e.g., a particular
pixel shader can be assigned this task) or via a look-up table
in a 1-D texture stored in the local GPU memory 44.

In some embodiments, the reconstruction of the volume 18
by the GPU is accelerated by configuring the pixel shaders to
compute multiple steps in the forward-projection (and/or
back-projection) of each ray before performing similar com-
putations for another ray, thereby minimizing, and preferably
avoiding, transfer of data between the GPU and the main
processor memory (e.g., the RAM 32). The illustrated
embodiment, the full computation of at least one 1teration of
a volume slice (and preferably the totality of iterations for that
slice or for the total volume) 1s performed on the GPU without
any transier of texture data between the GPU and the main
Processor memory.

In some embodiments, the implementation of the forward-
projections 1s preferably similar to that of the back-projec-
tions. This 1s achieved, for example, by utilizing a specially
designed projection matrix describing an asymmetric view
frustum. More specifically, 1n the forward projection, the
origin of the x-ray source (or other radiation or particles
sources used in other embodiments) and the four comers of
the detector plane define the view frustum. In the backward
projection, for each slice of the volume, the origin of the x-ray
source and the four corners of that slice define the view
frustum. Treating the forward and the back-projections 1n a
similar manner allows the use of the same coordinate system
for the slice geometry 1n both cases. This, 1n turn, simplifies
the reconstruction algorithm compared to previous
approaches in which different coordinate systems are
employed, thus necessitating application of an additional tex-
ture transformation matrix for back projections.

It should be understood that the teachings of the invention
are applicable to a wide range of medical (and non-medical)
imaging devices and techniques, and are not limited to the
illustrated embodiment described above. Those having ordi-
nary skill in the art will appreciate that various modifications
can be made to the above 1llustrative embodiments without
departing from the scope of the invention.



US 7,876,944 B2

11

What 1s claimed 1s:

1. An imaging apparatus, comprising

an 1mage acquisition device for generating a plurality of

measured projection images ol a volume,

a digital data processor coupled to the acquisition device
for receiving the 1mages, the digital data processor
comprising a central processing unit (CPU) 1in com-
munication with a graphics processing unit (GPU)
including a plurality of programmable vertex shaders
that are coupled to a plurality of programmable pixel
shaders,

the CPU transferring at least some of the measured pro-
jection 1mages to the GPU,

wherein the GPU reconstructs at least a portion of the
volume based on comparison of a plurality of for-
ward-projection 1mages corresponding to successive
iterations of an estimated density distribution
assigned to that volume portion with one or more of
the measured projection 1mages without transier of
intermediate texture data to the CPU.

2. In the apparatus of claim 1, the further improvement
wherein the 1mage acquisition device comprises a radiation
source for 1lluminating the volume and at least a detector
movable about the volume for detecting at least a portion of
the 1lluminating radiation passing through the volume.

3. In the apparatus of claim 2, the further improvement
wherein one or more pixel shaders generate each forward-
projection image by employing a projection matrix represent-
Ing an asymmetric view frustum.

4. In the apparatus of claim 3, the further improvement
wherein the view frustum 1s defined by the origin of the
radiation source and four corners of a plane of the detector.

5. In the apparatus of claim 1, the further improvement
wherein the volume portion comprises an intersection of cone
beams corresponding to the measured projection 1mages.

6. In the apparatus of claim 1, the further improvement
wherein the GPU classifies the measured projection images
into two groups characterized by substantially orthogonal
projection directions.

7. In the apparatus of claim 6, the further improvement
wherein the GPU processes the projection images 1 one
group prior to processing the projection images in the other

group.
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8. In the apparatus of claim 1, the further improvement
wherein the CPU represents the volume as a voxel-based
three-dimensional matrix.
9. In the apparatus of claim 6, the further improvement
wherein the CPU partitions the volume into a plurality of
slices.
10. In the apparatus of claim 9, the further improvement
wherein one or more ol the vertex shaders map, for each
forward-projection 1image, a plurality of voxels that lie sub-
stantially at vertices of one or more selected polygonal por-
tions of one of the slices to a respective pixel 1n that forward-
projection 1mage.
11. In an apparatus comprising a main processing section
and a graphics coprocessing section mcluding a plurality of
programmable vertex shaders that are coupled to a plurality of
programmable pixel shaders, a method for reconstructing a
volume from a plurality of measured projection images, the
improvement comprising:
transierring the projection images from the main process-
ing section to the graphics coprocessing section, and

iteratively reconstructing the volume 1n the graphics copro-
cesssing section based on comparison of a plurality of
forward-projection images corresponding to successive
iterations of an estimated density distribution assigned
to that volume with the measured projection 1mages
without transfer of intermediate texture data between the
graphics coprocessing section and the main processing,
section.

12. In the method of claim 11, the further improvement
comprising partitioning the volume into a plurality of slices in
the main processing section.

13. In the method of claim 12, the further improvement
comprising;

for generating each forward-projection 1image, performing,

the steps of:

with one or more of the vertex shaders, mapping a plurality

of voxels that substantially lie at vertices of selected
polygonal sections of one or more of the slices to a
respective pixel of that forward-projection image, and
with one or more of the pixel shaders, generating an mnten-
sity for each pixel 1in the forward-projection 1mage by
forward projecting the voxels mapped to that pixel.
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